Posttranslational Regulation of Ca2+-Activated K+ Currents by a Target-Derived Factor in Developing Parasympathetic Neurons  by Subramony, Priya et al.
Neuron, Vol. 17, 115–124, July, 1996, Copyright 1996 by Cell Press
Posttranslational Regulation of Ca21-Activated
K1 Currents by a Target-Derived Factor
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tics strikingly similar to those of large-conductance IK[CaFlorida State University
channels encoded by the slowpoke (slo) gene recentlyTallahassee, Florida 32306
isolated from Drosophila (Atkinson et al., 1991; Adelman†Department of Neurobiology
et al., 1992; Lagrutta et al., 1994) and mammals (ButlerHarvard Medical School
et al., 1993; Tseng-Crank et al., 1994).Boston, Massachusetts 02115
In mammals and Drosophila, the slo locus is a single
gene that can be expressed in many different splice
variants. These variants exhibit different biophysical and
Summary pharmacological properties in heterologous expression
systems (Lagrutta et al., 1994; Tseng-Crank et al., 1994).
Macroscopic IK[Ca is not expressed at normal levels in However, all known slo variants encode IK[Ca channels
chick ciliary ganglion (CG) neurons prior to synapse with a large unitary conductance (>100 pS) and all have
formation with target tissues, or in neurons developing 10 hydrophobic a helical domains, known as S1-S10.
in vitro or in situ in the absence of target tissues. Here, Alternative splicing is thought to contribute to the large
two chick CG slo partial cDNAs encoding IK[Ca channels diversity of large-conductance IK[Ca channels expressed
were isolated, cloned, and sequenced. Both slo tran- in many different cell types. In mammals, several alterna-
scripts were readily detected in developing CG neu- tive exons are found in the N-terminal untranslated re-
rons prior to or in the absence of target tissue interac- gions. In addition, there is at least one other splice site,
tions. When CG neurons developed in vitro in the located between the S9 and S10 domains, respectively
presence of target tissue (iris) extracts, a normal (Butler et al., 1993; Tseng-Crank et al., 1994). Many of
whole-cell IK[Ca was expressed. These effects did not these variants can be found in both humans and mice,
require protein synthesis, and the activity was detect- where there is typically more than 96% amino acid se-
able throughout the stages of synapse formation in the quence identity (Butler et al., 1993; Tseng-Crank et al.,
iris. The active component has an apparent molecular 1994). There is less overall homology between mamma-
weight of 40–60 kDa. lian and Drosophila slo, but certain regions of these
molecules are highly conserved in these species (Butler
et al., 1993).
Introduction The expression of a functional macroscopic IK[Ca in
chick CG neurons is developmentally regulated. This
The chick ciliary ganglion (CG), the sole source of para- current is not detected in whole-cell recordings made
sympathetic motor output to the eye, is widely used as at or before embryonic day 8 (E8), but it is usually detect-
a model system for experimental studies of neuronal able at low levels by E9. Maximum current density is
differentiation and development (for review, see Pilar acheived by E13 (Dourado and Dryer, 1992). This coin-
and Tuttle, 1987; Dryer, 1994). This system consists of cides with the stages at which CG neurons form syn-
a relatively homogenous population of neurons accessi- apses with target tissues in the iris, ciliary body, and
ble throughout embryonic development. For several choroid (Landmesser and Pilar, 1974, 1978; Narayanan
years, our laboratory has been investigating the factors and Narayanan, 1981; Meriney and Pilar, 1987). The de-
that regulate the developmental expression of voltage- velopmental increase in whole-cell IK[Ca is dependent
and Ca21-activated ionic channels in these cells (Dryer upon extrinsic environmental factors. For example,
et al., 1991; Dourado and Dryer, 1992, 1994; Dourado when CG neurons were isolated at E9 and maintained
et al., 1994; Dryer, 1994; Subramony and Dryer, 1996). in vitro for 4 days in the absence of target tissues, they
These studies have shown that the Ca21-activated K1 failed to express a normal macroscopic IK[Ca, although
current (IK[Ca) is a large macroscopic current (Dryer et normal voltage-activated Ca21 currents were present
al., 1991; Dourado and Dryer, 1992) that plays an impor- (Dourado and Dryer, 1992). The majority of these neu-
tant role in regulating the late phases of spike repolariza- rons had not formed synapses with target tissues at the
tion and the temporal pattern of repetitive firing in ma- time of isolation, although all had previously received a
ture CG neurons (Dryer et al., 1991; Dryer, 1994). functional preganglionic innervation (Landmesser and
The total macroscopic IK[Ca of chick CG neurons is Pilar, 1972; Jacob, 1991). Moreover, E13 CG neurons
not carried by a single type of ion channel. Instead, failed to express macroscopic IK[Ca when they developed
recordings with excised inside-out patches have identi- in situ in the absence of either preganglionic innervation
fied at least three different types of IK[Ca channels that can or normal target tissues, although again, voltage-acti-
be distinguished on the basis of differences in unitary vated Ca21 currents were present at normal levels (Dour-
conductance, kinetics, and Ca21- and voltage-depen- ado et al., 1994). These results indicate that interactions
dence (Dryer et al., 1991; Dryer, 1994). Ensemble analy- with other cells, including the target tissues, are neces-
sis of unitary currents in cell-attached patches and the sary for the expression of a normal functional IK[Ca.
voltage-dependence of whole-cell IK[Ca tail-currents sug- The purpose of the present study was to determine the
mechanisms whereby target tissue interactions regulategest that two large-conductance (110 and 180 pS) IK[Ca
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Figure 1. Amino Acid Sequences Deduced
from Two slo Partial cDNAs Isolated from E13
Chick Ciliary Ganglion Neurons
Site of 28 amino acid exon found in the larger
variant is indicated by the arrow. The se-
quence of this exon is shown below (residues
1’-28’). Amino acid residues that are different
in homologous mouse brain slo channels de-
scribed by Butler et al. (1993) are shown be-
low the corresponding chick CG residues.
Lines above chick CG sequence indicate mo-
tifs targeted by matched primers in RT-PCR
experiments shown in the next figure. The
asterisk indicates an extra amino acid residue
present in chick but not mouse or human slo
cDNAs.
macroscopic IK[Ca in developing chick CG neurons. The mammalian isoforms. Thus, human slo variant hbr9
(Tseng-Crank et al., 1994) and mouse slo variant mbr5results indicate that slo transcripts encoding large-con-
ductance IK[Ca channels are readily detectable in CG neu- (Butler et al., 1993) contain a 27 amino acid exon at the
same position. The additional exon in the large chickrons as early as E8, 5 days before whole-cell currents are
maximal, and before CG neurons have formed synapses CG slo variant differs from the homologous mammalian
exons in that it contains an extra amino acid, as well aswith their target tissues (Landmesser and Pilar, 1974,
1978; Narayanan and Narayanan, 1981; Meriney and substitutions at three (compared with mouse) or four
(compared with human) other amino acid residues.Pilar, 1987). We also present evidence for a soluble pro-
tein factor present in the iris that can rapidly stimulate
expression of a maximal whole-cell IK[Ca in CG neurons Expression of slo Transcripts in Chick CG
Neurons Developing In Situ and In Vitrodeveloping in vitro. This effect does not require expres-
sion of new channel proteins or other protein factors, To determine whether the presence of slo transcripts
can be correlated with developmental changes in func-suggesting that the stimulatory effects of target tissues
are mediated by posttranslational events. tional IK[Ca, matched PCR primers were designed based
on the nucleotide sequence of the two chick CG slo
cDNAs. The predicted size of the RT-PCR products wasResults
463 and 547 bp. Using these primers, it was possible
to detect PCR products of the predicted size from cDNACloning and Sequencing of Two slo Partial cDNAs
from E13 CG Neurons prepared by reverse transcription of RNA isolated from
E8 and E13 CG (Figures 2Aand 2B). Thus, slo transcriptsIn these experiments, total RNA and poly-A mRNA were
isolated from E13 chick ciliary ganglia. Partial cDNAs are present several days before the appearance of a
large macroscopic IK[Ca in CG neurons developing in situ.were then obtained by RT-PCR using degenerate oligo-
nucleotide primers directed against amino acid motifs In another set of experiments, the presence of slo tran-
scripts was examined in CG neurons dissociated acutelyconserved in Drosophila and mouse slo and that flank
the S9 and S10 domains of mouse slo. Recall that an at E8 and E13, as well as in neurons dissociated at E8
and maintained in vitro for 5 days in the presence of 40alternative splice site is located between these domains
in mouse (Butler et al., 1993) and human (Tseng-Crank ng/ml recombinant rat CNTF. All cultures contained two
ganglion equivalents per dish. Both slo transcripts wereet al., 1994). RT-PCR procedures consistently yielded
two amplification products of 794 and 878 bp from total readily detected in all three groups of cells (Figure 2C).
We have also detected slo transcripts by single-cellRNA or poly-A mRNA from chick CG. These PCR prod-
ucts were purified on low melting point agarose gels, nested RT-PCR in E9 ciliary ganglion neurons main-
tained for 4 days in vitro. Those neurons did not expresscloned, and sequenced. The deduced amino acid se-
quences are shown in Figure 1. The smaller slo variant macroscopic IK[Ca (S.E.D., unpublished data). Since the
RT-PCR procedures used in this study are not quantita-from chick CG differs from mouse brain slo variant mbr8
at only 13 out of 264 residues in the region correspond- tive, it is not possible to draw firm conclusions regarding
possible developmental changes in the number of sloing to amino acids 717–980 (Butler et al., 1993). The
larger CG product is identical to the short form, except transcripts present per cell. However, it is clear that both
slo transcripts are present in ciliary ganglion neuronsthat it contains an additional 28 amino acid exon (Figure
1). This larger product is also homologous to certain at developmental stages and under growth conditions
Target-Derived Factors and K1 Channel Regulation
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Figure 2. RT-PCR Detection of slo Tran-
scripts in Developing Chick Ciliary Ganglion
Neurons
(A) PCR products amplified from cDNA ob-
tained by reverse transcription of E13 ciliary
ganglion poly-A mRNA (lane 1). No products
were obtained from chicken genomic DNA
(lane 2).
(B) RT-PCR products obtained from E13 (lane
1) and E8 (lane 2) total RNA from whole ciliary
ganglia. No products were obtained from E13
total RNA when reverse transcriptase was
omitted from the first strand reaction (lane 3).
(C) RT-PCR products obtained from ciliary
ganglion neurons dissociated at E13 (lane 1),
E8 (lane 2), and from neurons dissociated at
E8 and maintained in vitro for 5 days (lane
3). Cell preparations contained two ganglion
equivalents. Markers are 100 bp DNA ladders.
Arrows indicate positions of 600 bp markers.
where whole-cell IK[Ca is markedly reduced or undetect- could be detected within hours. Thus, a significant in-
crease in IK[Ca was detectable after 5 hr, and maximumable (Dourado and Dryer, 1992).
stimulation occurred after 7 hr (Figure 6A). Moreover,
CG neurons isolated at E9 responded to 7 hr applicationEffects of Iris Extracts on IK[Ca in Chick CG
of iris extract, even after they had been maintained inNeurons Developing In Vitro
dissociated cell culture for 4 days (Figure 6B). The timeCG neurons were dissociated at E9 and cultured for 4
course of iris extract actions, along with the fact thatdays in the presence or absence of aqueous extracts
slo transcripts are already present at E8, suggestedof the E13 chick iris. As with RT-PCR experiments, all
stimulation of IK[Ca by posttranscriptional mechanisms.cultures contained 40 ng/ml recombinant rat CNTF to
Consistent with this, 12 hr exposure to iris extract wasensureneuronal survival in the absence of target tissues.
able to fully stimulate functional IK[Ca in the continuedAfter 4 days in vitro, IK[Ca was quantified using whole-
presence of the transcriptional inhibitor actinomycin-Dcell recordings, as described previously (Dourado and
(1 mg/ml) or the translational inhibitors cycloheximideDryer, 1992; Dourado et al., 1994; Raucher and Dryer,
(0.1 mg/ml) and anisomycin (0.1 mg/ml) (Figure 7A). The1995). Consistent with our previous studies (Dourado
efficacy of the translational inhibitors was confirmed byand Dryer, 1992), neurons developing in vitro in the pres-
examining the incorporation of 35S-labeled methionine
ence of CNTF alone did not express normal densities
and cystine into new proteins inE9 CG neurons. Cultures
of whole-cell IK[Ca. However, when the culture medium were incubated in labelled amino acids for 12 hrs in the
also contained an aqueous extract of E13 chick iris,
presence and absence of 0.1 mg/ml cycloheximide or
normal densities of IK[Ca were observed (Figure 3A). In 0.1 mg/ml anisomycin. Under these conditions, these
these experiments, the final iris-derived protein concen- inhibitors of translation caused >95% inhibition of the
tration in the culture media was 7–8 mg/ml. The mean incorporation of the labelled amino acids into new pro-
current densities of IK[Ca expressed in the presence or teins (Figure 7B). Therefore, the stimulatory effects of
absence of iris extract weresignificantly different (Figure iris extracts do not require the synthesis of new IK[Ca
3B), and the mean current density induced by iris extract channel transcripts, proteins, or auxiliary subunits, and
was comparable with that observed in acutely isolated IK[Ca molecules must already be present in the cells prior
E13 neurons. The voltage-dependence of IK[Ca activation to interactions with target tissues.
was not different in any of these groups and peak Ca21- What is the nature of this iris-derived factor? We have
dependent outward currents were always observed be- addressed this question by examining IK[Ca stimulatory
tween 0 and 110 mV (data not shown, see Dryer et activity in different fractions of E13 iris extracts sepa-
al., 1991). The activity in iris extracts was destroyed by rated on the basis of size, using gel filtration columns.
heating to 658C for 60 min or by 2 hr exposure to 0.1 Extracts were first concentrated 5-fold with a 5 kDa
mg/ml trypsin (Figure 4). This indicates that the IK[Ca stim- cutoff spin filter. Concentrated high molecular weight
ulatory factor (or factors) in the iris is a protein. This components were then separated by HPLC gel filtration
activity can be detected in extracts prepared from E9, under nondenaturing conditions, and various fractions
E13, or E17 iris, but not from E6–7 iris (Figure 5). In these were pooled and tested for their ability to stimulate ex-
experiments, the iris-derived protein concentration in pression of a functional IK[Ca in dissociated E9 neurons
the culture media was adjusted to 8 mg/ml to insure that after 12 hr exposure in vitro. Significant IK[Ca stimulatory
differences in activity at different stages of iris develop- activity was present in the 40–60 kDa fractions but was
ment were not caused by differential dilution of active not detected in other fractions tested (Figure 8). SDS-
factors. Thus, this stimulatory activity is expressed PAGE gels confirmed that the fractions obtained by gel
throughout the stages of synapse formation in the iris filtration contained proteins of the expected molecular
(Landmesser and Pilar, 1974, 1978; Narayanan and Nar- weights (data not shown), although all fractions tested,
including inactive fractions, contained a small amountayanan, 1981). The stimulatory actions of iris extracts
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Figure 3. Effects of Iris Extracts on Expres-
sion of Whole-Cell IK[Ca in Ciliary Ganglion
Neurons Developing In Vitro
(A) IK[Ca in acutely isolated E13 neuron (top)
and in neurons dissociated at E9 and main-
tained in vitro for 4 days in the absence (mid-
dle) and presence (bottom) of iris extracts
(IRX). Currents wereevoked by a depolarizing
step to 0 mV from a holding potential of 240
mV. Traces to the left are currents evoked in
the presence and absence of external Ca21
as indicated, and traces to the right show net
Ca21-dependent currents obtained by digital
subtraction. Traces shown are the average of
currents evoked by 5 pulses.
(B) Mean IK[Ca current densities in ciliary gan-
glion neurons dissociated at E9 and main-
tained for 4 days in the presence and absence
of iris extracts, and in neurons dissociated
acutely at E13. In this andsubsequent figures,
numbers of cells tested are indicated in pa-
rentheses above the error bars
(SEM) and asterisks indicate P < 0.05 com-
pared with controls.
of protein in the 7–9 kDa range. This suggests that the cDNA libraries. We have already shown that E13 CG
neurons express two different large-conductance (>100active IK[Ca stimulatory proteins have an apparent molec-
ular weight of 40–60 kDa, but we cannot exclude that pS) voltage-sensitive IK[Ca channels that carry most of
the whole-cell IK[Ca current in these cells (Dryer et al.,these may consist of dimers of smaller factors present
at too low a concentration to be detected on SDS-PAGE 1991; Dryer, 1994) and that closely resemble IK[Ca chan-
nels produced by expression of mammalian slo tran-gels.
scripts in Xenopus oocytes (Butler et al., 1993; Tseng-
Crank et al., 1994). The expression of slo transcripts isDiscussion
not coupled tightly to the expression of functional whole
cell IK[Ca in developing CG neurons. Thus, slo transcriptsIK[Ca is first detectable in whole-cell recordings from
acutely isolated chick CG neurons at E9 (Dourado and are expressed before the appearance of a functional
macroscopic IK[Ca in CG neurons developing in situ. SloDryer, 1992). This current increases sharply thereafter,
reaching a maximum by E13 (Dryer et al., 1991; Dourado transcripts are also readily detected in CG neurons de-
veloping in vitro in the absence of target tissues or targetand Dryer, 1992). However, CG neurons that develop in
situ or in vitro in the absence of normal target tissues tissue extracts, growth conditions where whole-cell IK[Ca
is absent or markedly reduced.do not exhibit a significant macroscopic IK[Ca at E13,
although voltage-activated Ca21 currents are expressed The developmental expression of CG slo transcripts
raised the possibility that posttranscriptional mecha-at normal levels (Dourado and Dryer, 1992; Dourado et
al., 1994). In the present study, we have examined the nisms are responsible for the developmental changes
in functional IK[Ca. In support of this, we have found thatmechanismsunderlying the target tissue-dependent de-
velopmental increases in macroscopic IK[Ca. soluble proteins in the 40–60 kDa fractions of chick iris
can rapidly induce a functional whole-cell IK[Ca in CGThese experiments have identified two different slo
partial cDNAs in CG neurons highly homologous to neurons, even in the presence of transcriptional and
translational inhibitors. Moreover, large-conductancesplice variants previously isolated from mammalian
Target-Derived Factors and K1 Channel Regulation
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Figure 4. The Stimulatory Activity in Iris Extracts Is a Protein
Neurons were dissociated at E9 and maintained for 4 days in vitro
in the presence or absence of normal iris extracts, in the presence
or absence of iris extracts that had been heated to 658C for 1 hr,
and in the presence or absence of iris extracts that had been treated
for 2 hr with 0.1 mg/ml trypsin. Heat and trypsin-inactivated iris
extracts did not cause stimulation of IK[Ca to levels above controls.
K1 channels were observed under conditions where
macroscopic IK[Ca is reduced or undetectable. This indi-
cates that iris extracts stimulate functional IK[Ca by post-
translational mechanisms, the nature of which are un-
known. One attractive possibility is that preexisting CG
Figure 6. Time Course of Iris Extract ActionsIK[Ca channels are regulated by protein phosphorylation,
(A) Ciliary ganglion neurons were isolated at E9 and maintained foreither on proteins encoded by slo genes or on closely
the indicated lengths of time in the presence of iris extracts in vitro.
associated proteins. There is an extensive literature indi- Control neurons were maintained in vitro for 7 hr in the absence of
cating that the gating of IK[Ca channels can be regulated iris extracts. Note significant increase in IK[Ca density after 5 and 7
by protein phosphorylation (Chung et al., 1991; Reinhart hr exposure to iris extracts. The response at 3 hr is not statistically
significant.et al., 1993). Ion channel phosphorylation is usually dis-
(B) Ciliary ganglion neurons were dissociated at E9 and maintainedcussed in the context of modulation of synaptic trans-
in vitro for 4 days in the absence or presence of iris extracts. A thirdmission,but similar mechanisms may underlie the devel-
group of cells was exposed to iris extract for 7 hr after having been
opmental regulation of functional IK[Ca. maintained in vitro for 4 days in the absence of iris extracts. IK[Ca
In general, phosphorylation causes channel modula- density in this group was comparable with that observed in neurons
tion relatively quickly, i.e., within seconds to minutes cultured continuously in the presence of iris extracts. Both groups
treated with iris extracts are significantly greater than controls.(Chung et al., 1991; Reinhart et al., 1993). The effects
of iris extracts required several hours of exposure, sug-
gesting that several slow transduction events precede an intracellular pool of IK[Ca channel complexes into the
the final modulation of the channels, or that some other plasma membrane. There is evidence that this can occur
mechanism is involved. Thus, a second possible mecha- with other channels and receptors. For example, chick
nism consistent with slower responses is that target- CG neurons maintain a large intracellular pool of nico-
tinic acetylcholine receptors that can be mobilized uponderived differentiation factors regulate the insertion of
Figure 5. Development of IK[Ca Stimulatory
Activity in Iris Extracts
Neurons were dissociated at E9 and main-
tained in vitro for 4 days in the presence of
iris extracts obtained from E6–7, E9, E13, or
E17 iris. All cultures contained equivalent
amounts of protein from iris extracts. IK[Ca
stimulatory activity is not detectable at E6–7
but is present at E9 and thereafter.
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Figure 7. Effects of Protein Synthesis Inhibitors on IK[Ca Stimulation by Iris Extracts
Neurons were isolated at E9 and maintained in vitro for 12 hr in the presence or absence of iris extracts. Separate groups of cells were also
treated with protein synthesis inhibitors.
(A) Iris extracts caused significant stimulation of IK[Ca even in the continued presence of 0.1 mg/ml cycloheximide, 0.1 mg/ml anisomycin or 1
mg/ml actinomycin-D. Responses to iris extract in the presence of protein synthesis inhibitors are comparable to that observed in the absence
of inhibitors.
(B) Effects of the translational inhibitors cycloheximide and anisomycin (both at 0.1 mg/ml) on the incorporation of 35S-labeled methionine/
cystine into proteins during a 12 hr period in acutely isolated E9 CG neurons. Both inhibitors caused a nearly complete inhibition of protein
synthesis.
activation of appropriate second messenger systems Dryer, 1992). This is also true in chick sympathetic neu-
rons (Raucher and Dryer, 1995). A plausible explanation(Jacob et al., 1986; Margiotta et al., 1987). Finally, it is
possible that target-derivedfactors regulate the colocal- is that regulation of IK[Ca could serve as a mechanism
to control intracellular free Ca21 concentration during aization or functional coupling of IK[Ca channels with sub-
populations of voltage-activated Ca21 channels on CG critical developmental period. It is known that many
populations of neurons become dependent on target-neurons (Wisgirda and Dryer, 1994). In CG neurons, IK[Ca
is functionally coupled to L-type but not N-type Ca21 derived neurotrophic factors at the time of synapse for-
mation (Larmet et al., 1992), and it has been suggestedchannels, although both types of Ca21 channels are
present (Wisgirda and Dryer, 1994). This functional link- that a fall in intracellular free Ca21 from a given “set-
point” serves as a signal to initiate dependence uponage may depend on interactions with proteins that
bridge different ionic channel complexes, and it is possi- neurotrophic factors (Johnson et al., 1992). This hypoth-
esis explains why several populations of cells, includingble that target-derived factors indirectly control these
interactions and thereby regulate IK[Ca gating. Such a chick CG neurons, can be maintained in vitro for long
periods of time under conditions that elevate intracellu-mechanism could also be slow if it required movement
or clustering of proteins within the plasma membrane. lar free Ca21, even in the absence of neurotrophic factors
or target tissues (Nishi and Berg, 1981a; Collins et al.,These various mechanisms are not mutually exclusive.
The IK[Ca stimulatory factors are expressed in the iris 1991). The appearance of a functional IK[Ca may serve as
part of a mechanism to lower intracellular free Ca21 byat developmental stages that coincide with the largest
functional changes in CG IK[Ca (Dourado and Dryer, 1992) increasing the rate of spike repolarization, thereby de-
creasing the amount of Ca21 influx per spike. This hy-and with the formation of synapses between CG neurons
and the iris (Landmesser and Pilar; 1974, 1978; Naraya- pothesis assumes that electrical activity plays a role in
maintaining elevated intracellular free Ca21 before neu-nan and Narayanan, 1981). Interestingly, this activity
could not be detected in extracts prepared from E6–7 rons become dependent upon neurotrophic factors.
There is considerable evidence that this occurs in CGiris prior to synapse formation in this tissue. It is possible
that this time course reflects reciprocal interactions be- neurons. For example, chronic blockade of synaptic
transmission (Chiappinelli et al., 1978; Wright, 1981;tween CG neurons and target tissues, such that the
formation of synapses stimulates the iris to express ret- Meriney et al., 1987; Maderut et al., 1987; Subramony
and Dryer, 1996) or deafferentation of CG neuronsrogradely acting differentiation factors. This has been
observed with other target-derived differentiation fac- (Furber et al., 1987; Engisch and Fischbach, 1992; Are-
nella et al., 1994; Schwartz-Levey et al., 1995) in ovotors. For example, expression of mammalian sweat
gland-derived cholinergic differentiation factors re- lead to a large increase in naturally occurring cell death.
Moreover, it is known that misexpression of K1 channelsquires intact sympathetic innervation (Habecker et al.,
1995). can alter the subsequent development of Xenopus spi-
nal neurons (Jones and Ribera, 1994), probably by alter-It is notable that the largest changes in whole-cell IK[Ca
in CG neurons coincide with the formation of synapses ing activity-dependent fluctuations in intracellular free
Ca21 (Spitzer, 1991; Spitzer et al., 1994).with target tissues and naturally occurring cell death
(Landmesser and Pilar, 1974, 1978; Narayanan and Nar- It seems likely that mechanisms similar to those de-
scribed here regulate the functional expression of IK[Caayanan, 1981; Meriney and Pilar, 1987; Dourado and
Target-Derived Factors and K1 Channel Regulation
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that target tissue interactions are responsible for the
expression of a chloinergic phenotype in those sympa-
thetic neurons that innervate sweat glands (Landis,
1994). This effect is mediated by a soluble differentiation
factor released from sweat glands (Landis, 1994; Ha-
becker et al., 1995). There is evidence that developing
CG neurons compete for target-derived trophic factors
present in limited supply, such that those neurons that
fail to form synapses eventually die (Narayanan and Nar-
ayanan, 1978; Pilar et al., 1980). Target-derived factors
that regulate the survival (Nishi and Berg, 1981b; Leung
et al., 1992) and expression of neuropeptides (Coulombe
et al., 1993) in developing chick CG neurons have been
identified. For example, the expression of somatostatin
in CG choroid neurons is stimulated by activin secreted
from target tissues in the choroid layer (Coulomb et
al., 1993; Nishi, 1994), whereas growth and survival is
mediated by a secreted member of the CNTF family
known as growth-promoting activity (GPA) (Leung et al.,
1992). Moreover, a 50 kDa fraction of the avian eye
contains a different factor that stimulates the expression
of choline acyltransferase (Nishi and Berg, 1981b) and
functional neuronal nicotinic ACh receptors (Halvorsen
et al., 1991) in developing chick CG neurons. This frac-
tion has little effect on neuronal survival, and the nature
of the active factor is unknown. It is possible that the
same protein is responsible for CG cholinergicdifferenti-
ation, as well as the stimulation of whole-cell IK[Ca de-
scribed here. But it should be noted that in vitro stimula-
tion of choline acyltransferase and neuronal nicotinic
ACh receptors by the 50 kDa fraction requires 2–7 days,
whereas maximal stimulation of IK[Ca occurs in 5–7 hr.
On the other hand, it is known that differentiation factorsFigure 8. Fractionation of IK[Ca Stimulatory Activity in Iris Extracts
such as neurotrophins can produce several pleiotropic(A) Concentrated iris extracts were separated by HPLC gel filtration
effects that occur over a wide range of time scales (Lo,under nondenaturing conditions (top). Eluting proteins were de-
tected by monitoring absorbance at 220 nM. Arrows indicate elution 1995).
times of molecular weight standards. Various fractions were then In summary, target-dependent posttranslational ef-
screened for their ability to stimulate whole-cell IK[Ca after 12 hr fects appear to be responsible for the large develop-
treatment in dissociated E9 ciliary ganglion neurons (bottom). Note mental changes in macroscopic IK[Ca that occur betweensignificant IK[Ca stimulation in 40–60 kDa fraction but not in other
E8 and E13 in chick CG neurons. A 40–60 kDa proteinfractions. Bar to the far right represents IK[Ca stimulation by 12 hr
expressed in a target tissue at the time of synapse for-exposure to unfractionated iris extract. Stimulation by the 40–60
kDa fraction is comparable with that produced by whole iris extract. mation can, within a few hours, stimulate whole-cell IK[Ca.
This effect does not require synthesis of new proteins
and must therefore entail regulation of preexisting IK[Ca
in other populations of developing neurons. We have channels. Regulated expression of IK[Ca channels may
reported previously that target tissue-derived factors be important for the control of other aspects of the
regulate whole-cell IK[Ca in developing chick lumbar sym- differentiation and development of CG neurons and pos-
pathetic neurons (Raucher and Dryer, 1995). The avail- sibly other populations of vertebrate neurons.
able biophysical evidence suggests that the underlying
IK[Ca channels are identical to those in parasympathetic Experimental Procedures
CG neurons. However, the relevant trophic factors may
Isolation of RNA and Genomic DNAbe different in these two types of autonomic neurons.
Total RNAwas isolated from CG neurons using a commercial versionThus, application of nerve growth factor (NGF) can stim-
of the method of Chomczynski and Sacchi (1987) (Biotecx Ultraspec
ulate expression of a large IK[Ca in about 50% of sympa- System). Poly-A mRNA was isolated using poly-dT30-cellulose (Mi-
thetic neurons developing in vitro (Raucher and Dryer, cro-Fast Track, Invitrogen). For whole- ciliary ganglia, total RNA was
1995). By contrast, NGF and other neurotrophins do isolated at E8 and E13, and poly-A mRNA was isolated at E13. In
the case of acutely dissociated or cultured CG neurons, total RNAnot stimulate functional IK[Ca expression in CG neurons
was isolated from coverslips containing two ganglion equivalents.developing in vitro (P. S. and S. E. D., unpublished data).
Genomic DNA was isolated from embryonic chick brain accordingTarget tissues play a critical role in other aspects of
to Sambrook et al. (1989), and mechanically sheared.
thedevelopment and differentiation of chickCG neurons
(Nishi, 1994), as well as in other vertebrate neurons. In Amplification, Cloning, and Sequencing of slo Partial cDNAs
mammalian sympathetic neurons, experimental ap- Degenerate oligonucleotide primers were designed against con-
served amino acid sequences flanking the S9 and S10 domains ofproaches similar to those used here have demonstrated
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Drosophila and mouse slo (Butler et al., 1993), and consisted Samples of each fraction were also separated on 12% polyacryl-
amide gels containing 12% SDS and stained with silver.of: 59-TA[C/T]-GA[C/T]-[A/T][G/C]I-ACI-GGI-ATG-TT[C/T]-CA[C/T]-
TGG-39 (forward); and 59-[C/T]TC-IA[A/G]-[C/T]TC-IGG-IGT-IGC-
ICC-ICC-IGT-39 (reverse). Single-stranded cDNAs were synthesized Cell Culture Protocols
from 5 mg total RNA or 1 mg poly-A mRNA (isolated from E13 ciliary Ciliary ganglion neurons were dissociated at E8, E9, or E13, as
ganglia) using RNAse H-reverse transcriptase and random oligonu- previously described in detail (Dryer et al., 1991; Dourado and Dryer,
cleotide primers (PCR-Script Kit, Stratagene) in the presence of 1992, 1994). In brief, ganglia were placed in divalent cation-free
RNAase inhibitor (1 hr at 378C). First-strand cDNAs were amplified saline containing 0.25–0.5 mg/ml Sigma type II collagenase at 378C
according to the following protocol: 39 at 928C, followed by 35 cycles for 7–20 min, and neurons were dissociated by trituration. Dissoci-
of 3099 at 928C, 195099 at 608C, 39 at 728C, followed by 109 at 728C ated cells were grown on poly-D-lysine-coated glass coverslips in
at the end of cycling to complete extension. PCR products were a culture medium consisting of Eagle’s minimal essential medium
separated on 1.5% low melting point agarose gels, bands were (BioWhittaker) supplemented with 10% heat-inactivated horse se-
excised and digested in b-agarase (Pharmacia) for 18 hr at 378C, rum, 2 mM glutamine, 50 U/ml penicillin, 50 mg/ml streptomycin,
and the PCR products were cloned into a TA vector (PCR-II Cloning and 40 ng/ml recombinant rat CNTF (Biosource International). These
System, Invitrogen). Plasmids from positive colonies were screened cultures contained less than 1% of nonneuronal cells. In some ex-
by digestion with EcoR1, followed by size characterization of the periments, cell culture media also contained iris extracts or iris
inserts on 2% agarose gels. Plasmids containing inserts of the pre- extract fractions, as indicated. Electrophysiological and molecular
dicted size (four in the case of the short form and three in the case experiments on acutely dissociated cells were performed within 3
of the long form) were purified, and inserts sequenced on both hr of cell dissociation. For all experiments with protein synthesis
strands using an Applied Biosystems 373A automated DNA se- inhibitors, cycloheximide, anisomycin, and actinomycin-D solutions
quencer and vector-specific sequencing primers (M13 forward and were prepared immediately before they were added to culture me-
reverse primers). dia. For experiments on amino acid incorporation, culture dishes
containing 3 ganglion equivalents of E9 CG neurons were incubated
RT-PCR Amplification of slo Transcripts in CG Neurons for 1 hr in methionine/cystine-free minimal essential medium (Bio-
Developing Under Different Conditions Whittaker) containing serum, glutamine, CNTF, and antibiotics as
For whole E8 or E13 ciliary ganglia, first strand cDNAs were synthe- described above, and then treated for 12 hr in the same medium
sized from 1 mg total RNA or 0.1 mg poly-A mRNA, as described supplemented with 35S-labeled methionine/cystine (Protein Express
above. For dissociated or cultured CG neurons, first strand cDNAs Kit, New England Nuclear) (0.3 mCi/ml) in the presence and absence
were synthesized from all of the extracted total RNA. For PCR reac- of 0.1 mg/ml cycloheximide or 0.1 mg/ml anisomycin. Cells were
tions, 5 ml of the first-strand reaction product or 5 mg chicken geno- then rinsed twice in phosphate-buffered saline (PBS) containing 1
mic DNA were amplified with the following matched primers: mg/ml bovine serum albumin, scraped off the substrate, and washed
59-GAA-TAC-CTG-AGA-AGG-GAA-TGG-GAG-39 (forward) and 59- by repeated pelleting and resuspending in PBS. Pellets were then
ATG-CGG-GTC-CAC-ATG-CAA-AG-39 (reverse). Amplification was vortexed in 20% trichloroacetic acid (TCA) and the suspensions
carried out in 50 ml of a buffer consisting of 2.5 mM MgCl2, 60 mM were passed over Whatman GF/A filters. Filters were washed twice
Tris, 15 mM (NH4)3SO4, 0.25 mM of each dNTP, 150 pmol of each with 10% TCA, and then 100% ethanol, dried, and counted. All
primer and 1U Boehringer-Mannheim Taq polymerase. For experi- measurements were made in triplicate.
ments on whole ganglia, the cycling protocol was 29 at 928C, fol-
lowed by 35 cycles of 19 at 928C, 39 at 578C, 39 at 728C, followed
Electrophysiological Analysis of IK[Caby 109 at 728C at the end of cycling to complete extension. For
Whole-cell recordings were made using standard methods as de-experiments on dissociated cells, cDNAs were amplified for 40 cy-
scribed previously (Dourado and Dryer, 1992; Dourado et al., 1994;cles. PCR products were separated on 2% agarose gels containing
Raucher and Dryer, 1995; Subramony and Dryer, 1996). Briefly, 25-ethidium bromide and viewed under UV illumination. No products
ms depolarizing steps to 0 mV were applied from a holding potentialwere observed when reverse transcriptase was omitted in first-
of 240 mV. Normal external saline consisted of 145 mM NaCl, 5.4strand reactions or when chicken genomic DNA was used as input.
mM KCl, 5.4 mM CaCl2l, 0.8 mM MgCl2, 5 mM D-glucose, 13 mM
HEPES-NaOH, and 500 nM tetrodotoxin (pH 7.4). Nominally Ca21-Preparation of Iris Extracts
free external salines were the same except that they contained 5.8Irides weredissected out of chick embryos at various developmental
mM MgCl2 and no added CaCl2. Pipette solutions contained 120stages, placed in ice cold Earle’s balanced salts (5–10 irides per
mM KCl, 2 mM MgCl2, 10 mM EGTA, 5 mM ATP, 0.2 mM GTP, andml), and homogenized in a Konte-Duall glass homogenizer. Extracts
0.1 mM leupeptin (pH 7.4). Pipette resistance was 2–4 MV. Currentswere centrifuged at 15,000 g for 1 hr at 48C to remove membranous
were evoked in normal and Ca21-free salines and the net Ca21-fractions. Protein concentrations in all iris extracts were adjusted
dependent currents were obtained by digital subtraction. Voltageto 230–260 mg/ml by addition of Earle’s balanced salts. Iris extracts
commands and data acquisition and analysis, including digital sub-were added to cell culture media at a concentration of 3% (v/v), or
tractions, were performed using PCLAMP software (version 5.1,7–8 mg iris-derived protein per ml of culture medium. For inactivation
Axon Instruments). Currents were normalized for cell size by com-experiments, iris extracts were treated with trypsin (Sigma) at 0.1
puting soma surface area for each cell using an ocular micrometermg/ml for 2 hr at room temperature, followed by 1 hr treatment with
as described previously (Dourado and Dryer, 1992; Raucher andSigma trypsin inhibitor (1 mg/ml). For controls, iris extracts were
Dryer, 1994; 1995). Mean soma surface area in E9 cells was 985maintained at room temperature for 2 hr followed by 1 hr treatment
mm2 6 52 mm2. Mean soma surface area in E9 neurons cultured forwith trypsin inhibitor. In related experiments, iris extracts were inac-
4 days and E13 neurons was 1354 mm2 6 215 mm2. Iris extractstivated by heating to 658C for 1 hr.
had no effect on soma surface area in ciliary ganglion neurons
developing in vitro. Throughout, error bars represent SEM. DataChromatographic and Electrophoretic Fractionation
were analyzed by one-way ANOVA followed by Bonferonni t-testof Iris Extracts
when significant differences were observed within a group, and byExtracts prepared from E13 iris were concentrated 5-fold using Milli-
Student’s unpaired t-test when each group had its own control.pore Ultrafree-MCspin filters (5 kDa cutoff), according to the instruc-
Throughout, P < 0.05 was regarded as significant.tions of the manufacturer. Concentrated extracts were separated
by HPLC using a Beckman SEC3000 gel filtration column (resolution
of 10–300 kDa), eluted with phosphate buffered saline (pH 7.25) at Acknowledgments
0.5 ml/min, and 1.0 ml fractions were collected. Elution of iris pro-
teins or molecular weight standards was monitored using ab- This work was supported by National Institutes of Health grant
NS37348, a Grant-in-Aid from the Florida Affiliate of the Americansorbance at 220 nm. 300 ml of each fraction was added to 10 ml
of culture media that was then used to screen for IK[Ca stimulatory Heart Association to S. E. D., and by a Graduate Student Fellowship
from the Florida Affiliate of the American Heart Association to P. S.activity in electrophysiological experiments as described below.
Target-Derived Factors and K1 Channel Regulation
123
L. D. is a Howard Hughes Medical Institute Associate. We are grate- neurons in the absence of innervation in vivo. J. Neurosci. 12, 1115–
1125.ful to Dr. Anna Berghard for assistance in the design of degenerate
oligonucleotide primers, to Rani Dhanarajan for assistance with mo- Furber, S., Oppenheim, R.W., and Prevette, D. (1987). Naturally oc-
lecular cloning, to Margaret Seavey for assistance with high pressure curing cell death in the ciliary ganglion of the chick embryo following
liquid chromatography procedures, to Michelle Reiser for expert removal of preganglionic input: evidence for the role of afferents in
technical assistance, and to Drs. Susan Sullivan and Ken Rosen for ganglionic cell survival. J. Neurosci. 7, 1816–1832.
useful discussions. We are also grateful to Dr. Gerald D. Fischbach
Habecker, B.A., Tresser, S.J., Rao, M., and Landis, S.C. (1995). Pro-for his support during a 1 year sabbatical leave.
duction of sweat gland differentiation factor dependson innervation.The costs of publication of this article were defrayed in part by
Dev. Biol. 167, 307–316.the payment of page charges. This article must therefore be hereby
Halvorsen, S.W., Schmid, H.A., McEachern, A.E., and Berg, D.K.marked “advertisement” in accordance with 18 USC Section 1734
(1991). Regulation of acetylcholine receptors on chick ciliary gan-solely to indicate this fact.
glion neurons by components from the synaptic target tissue. J.
Neurosci. 11, 2177–2186.Received March 11, 1996; revised May 24, 1996.
Jacob, M.H. (1991). Acetylcholine receptor expression in developing
References chick ciliary ganglion neurons. J. Neurosci. 11, 1701–1712.
Jacob, M.H., Lindstrom, J.M., and Berg, D.K. (1986). Surface and
Adelman, J.P., Shen, K.-Z., Kavanaugh, M.P., Warren, R.A., Wu, intracellular distribution of a putative neuronal nicotinic acetylcho-
Y.-N., Lagrutta, A., Bond, C.T., and North, R.A. (1992). Calcium- line receptor. J. Cell Biol. 103, 205–214.
activated potassium channels expressed from cloned complemen-
Johnson, E.M., Koike, T., and Franklin, J. (1992). A “calcium set-tary DNAs. Neuron 9, 209–216.
point” hypothesis of neuronal dependence on neurotrophic factors.
Arenella, L., Olivia, J.M., and Jacob, M.H. (1993). Reduced levels of Exp. Neurol. 115, 163–166.
acetylcholine receptor expression in chick ciliary ganglion neurons
Jones, S.M., and Ribera, A. (1994). Overexpression of a potassiumdeveloping in the absence of innervation. J. Neurosci. 13, 4525–
channel gene perturbs neural differentiation. J. Neurosci. 14, 2789–4537.
2799.
Atkinson, N.S., Robertson, G.A., and Ganetzky, B. (1991). A compo-
Lagrutta, A., Shen, K.-Z., North, R.A., and Adelman, J.P. (1994).nent of calcium-activated potassium channels encoded by the Dro-
Functional differences among alternatively spliced variants of slow-sophila slo locus. Science 253, 551–554.
poke, a Drosophila calcium-activated potassium channel. J. Biol.
Butler, A., Tsunoda, S., McCobb, D., Wei, A., and Salkoff, L.B. (1993).
Chem. 269, 20347–20351.
mSlo, a compex mouse gene encoding “maxi” calcium-activated
Landis, S.C. (1994). Development of sympathetic neurons: neuro-potassium channels. Science 261, 221–224.
transmitter plasticity and differentiation factors. Prog. Brain Res.
Chiappinelli, V.A., Fairman, K., and Giacobini, E. (1978). Effects of
100, 19–23.
nicotinic antagonists on the development of chick lumbar sympa-
Landmesser, L., and Pilar, G. (1972). The onset and developmentthetic ganglia, ciliary ganglia, and iris. Dev. Neurosci. 1, 191–202.
of transmission in the chick ciliary ganglion. J. Physiol. (Lond.) 222,Chomczynski, P., and Sacchi, N. (1987). Single-step method of RNA
691–713.isolation by acid guanidinium thiocyanate-phenol-chloroform ex-
Landmesser L., and Pilar, G. (1974). Synaptic transmission and celltraction. Anal. Biochem. 162, 156–159.
death during normal ganglionic development. J. Physiol. (Lond.) 241,Chung, S.-K., Reinhart, P.H., Martin, B.L., Brautigan, D.L., and Levi-
737–749.tan, I.B. (1991). Protein-kinase activity closely associated with a
Landmesser, L., and Pilar, G. (1978). Interactions between neuronsreconstituted calcium-activated potassium channel. Science 253,
and their targets during in vivo synaptogenesis. Fed. Proc. 37, 2016–560–562.
2022.Collins, F., Schmidt, M.F., Guthrie, P.B., and Kater, S.B. (1991). Sus-
Larmet, Y., Dolphin, A., and Davies, A.M. (1992). Intracellular calciumtained increase in intracellular calcium promotes neuronal survival.
regulates the survival of early sensory neurons before they becomeJ. Neurosci. 11, 2582–2587.
dependent on neurotrophic factors. Neuron 9, 563–574.Coulombe, J.N., and Nishi, R. (1991). Stimulation of somatostatin
expression in developing ciliary ganglion neurons by cells of the Leung, D.W., Parent, A.S., Cachianes, G., Esch, F., Coulombe, J.N.,
choroid layer. J. Neurosci. 11, 553–562. Nikoliks, K., Eckenstein, F.P., and Nishi, R. (1992). Cloning, expres-
sion during development, and evidence for release of a trophicfactorCoulombe, J.N., Schwall, R., Parent, A.S., Eckenstein, F.P., and
for ciliary ganglion neurons. Neuron 10, 1045–1053.Nishi, R. (1993). Induction of somatostatin immunoreactivity in cul-
tured ciliary ganglion neurons by activin in choroid cell conditioned Lo, D.C. (1995). Neurotrophic factors and synaptic plasticity. Neuron
medium. Neuron 10, 899–906. 15, 979–981.
Dourado, M.M., and Dryer, S.E. (1992). Changes in the electrical Maderut, J., Oppenheim, R.W., and Prevette, D. (1988). Enhance-
properties of acutely dissociated chick ciliary ganglion neurones ment of naturally occuring cell death in the sympathetic and para-
during embryonic development. J. Physiol. (Lond.) 449, 411–428. sympathetic ganglia of the chicken embryo following blockade of
ganglionic transmission. Brain Res. 444, 189–194.Dourado, M.M., and Dryer, S.E. (1994). Regulation of A-currents by
cell-cell interactions and neurotrophic factors in chick parasympa- Margiotta, J.F., Berg, D.K., and Dionne, V.E. (1987). Cyclic AMP
thetic neurones. J. Physiol. (Lond.) 474, 367–377. regulates the proportion of functional acetylcholine receptors on
chick ciliary ganglion neurons. Proc. Natl. Acad. Sci. USA 84, 8155–Dourado, M.M., Brumwell, C., Wisgirda, M.E., Jacob, M.H., and
8159.Dryer, S.E. (1994). Target tissues and innervation regulate the char-
acteristics of K1 currents in embryonic chick ciliary ganglionneurons Meriney, S.D., and Pilar, G., (1987). Cholinergic innervation of the
developing in situ. J. Neurosci. 14, 3156–3165. smooth muscle cells in the choroid coat of the chick eye and its
development. J. Neurosci. 7, 3827–3839.Dryer, S.E. (1994). Functional development of the avian ciliary gan-
glion:a classic model system for the study of neuronal differentiation Meriney, S.D., Pilar, G., Ogawa, M., and Nunez, R. (1987). Differential
and development. Prog. Neurobiol. 43, 281–322. neuronal survival in the avian ciliary ganglion after chronic acetyl-
choline receptor blockade. J. Neurosci. 7, 3840–3849.Dryer, S.E., Dourado, M.M., and Wisgirda, M.E. (1991). Characteris-
tics of multiple Ca21-activated K1 channels in acutely dissociated Narayanan, C.H., and Narayanan, Y. (1978). Neuronal adjustments
ciliary-ganglion neurones. J. Physiol. (Lond.) 443, 601–627. in developing nuclear centers of the chick embryo following trans-
plantation of an additional optic primordium. J. Embryol. Exp. Mor-Engisch, K.L., and Fischbach, G.D. (1992). The development of ACh-
and GABA-activated currents in embryonic chick ciliary ganglion phol. 44, 53–70.
Neuron
124
Narayanan, C.H., and Narayanan, Y. (1981). Ultrastructural andhisto-
chemical observations in the developing iris musculature of the
chick. J. Embryol. Exp. Morphol. 62, 117–127.
Nishi, R. (1994). Target-derived molecules that influence the devel-
opment of neurons in the avian ciliary ganglion. J. Neurobiol. 25,
612–619.
Nishi, R., and Berg, D.K. (1981a). Effects of high K1 concentration
on the growth and development of ciliary ganglion neurons in cell
culture. Dev. Biol. 87, 301–307.
Nishi, R., and Berg, D.K. (1981b). Two components from eye tissue
that differentially stimulate the growth and development of ciliary
ganglion neurons in cell culture. J. Neurosci. 1, 505–513.
Pilar, G., and Tuttle, J.B. (1982). A simple model system with a range
of uses: the avian ciliary ganglion. In Progress inCholinergic Biology,
I. Hanin and A.M. Goldberg, eds. (Raven Press, New York), pp.
213–247.
Pilar, G., Landmesser, L., and Burnstein, L. (1980). Competition for
survival among developing ciliary ganglion cells. J. Neurophysiol.
43, 233–254.
Raucher, S., and Dryer, S.E. (1994). Functional expression of
A-currents in embryonic chick sympathetic neurones developing in
vitro and in situ. J. Physiol. (Lond.) 479, 77–94.
Raucher, S., and Dryer, S.E. (1995). Target-derived factors regulate
the expression of Ca21-activated K1 currents in developing chick
sympathetic neurones. J. Physiol. (Lond.) 486, 605–614.
Reinhart, P.H., Chung, S., Martin, B.L., Brautigan, D.L., and Levitan,
I.B. (1991). Modulation of calcium-activated potassium channels
from rat brain by protein kinase A and phosphatase 2A. J. Neurosci.
11, 1627–1635.
Sambrook, J., Fritsch, E.F., and Maniatis, T. (1989). Analysis and
cloning of eukaryotic genomic DNA. In Molecular Cloning: A Labora-
tory Manual, Second Edition (Cold Spring Harbor, New York: Cold
Spring Harbor Laboratory Press), pp. 9.14–9.19.
Spitzer, N.C. (1991). A developmental handshake: neuronal control
of ionic currents and their control of neuronal differentiation. J.
Neurobiol. 22, 659–673.
Spitzer, N.C., Gu, X.-N., and Olson, E. (1994). Action potentials,
calcium transients, and the control of differentiation of excitable
cells. Curr. Opin. Neurobiol. 4, 70–77.
Subramony, P., and Dryer, S.E. (1996). The effects of innervation
on the developmental expression of Ca21-activated K1 currents in
embryonic parasympathetic neurons are not activity-dependent.
Dev. Brain Res. 91, 149–152.
Tseng-Crank, J., Foster, C.D., Krause, J.D., Mertz, R., Godinot, N.,
DiChiara, T.J., and Reinhart, P.H. (1994). Cloning, expression, and
distribution of functionally distinct Ca21-activated K1 channel iso-
forms from human brain. Neuron 13, 1315–1330.
Wisgirda, M.E., and Dryer, S.E. (1994). Functional dependence of
Ca21-activated K1 current on L- and N-type Ca21 channels: differ-
ences between chick sympathetic and parasympathetic neurons
suggest different regulatory mechanisms.Proc. Natl. Acad. Sci. USA
91, 2858–2862.
Wright, L. (1981). Cell survival in chick embryo ciliary ganglion is
reducedby chronic ganglionic blockade. Dev. Brain Res. 1, 283–286.
